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-ABSTRACT 
Devils Lake is the largest lake in a chain of approximately 20 
interconnected lakes in east central North Dakota. The Devils Lake drainage 
basin of approximately 8,600 km2, lies in a bowl sculpted by glaciation; thus it is 
closed and receives and loses water only through precipitation and 
evapotranspiration . Since 1940, the lake level has risen 14.4 m due to increased 
precipitation. Geological data show that in the past 10,000 years the lake has 
alternately dried up and filled due to climate fluctuations (Murphy et al. , 1997). 
During this time it has reached its spill elevation of 444. 7 m msl and has 
overflowed into the Sheyenne River at least three times. 
The rise in lake level has resulted in an increased load of 3.32*1013 N from 
water on Earth's crust. Flexure models show that, using this load , the lithosphere 
should be deflecting approximately 30 cm at present, assuming mantle 
viscosities ranging from 1020 to 1021 Pas, Poissons ratio of 0.22 and an elastic 
lithosphere thickness of 30 km. 
Three high resolution , dual-frequency GPS surveys in a leap-frog array 
were completed in 1999, 2000, and 2001 . The survey of 59 National Geodetic 
(NGS) benchmarks in a 300 km east-west profile across the basin has shown the 
lithosphere is actively flexing due to the water load . The survey also showed a 
systematic increase in difference between the published and observed elevations 
X 
of the basin is -35 cm and the signal extends at least 150 km from the center. 
The reason for the flexure is that over a short time scale the water load flexes the 
lithosphere and overwhelms isostatic equilibrium. The lithosphere at the center 
of the basin subsides over a relatively wide area by displacing asthenospheric 
material and is accompanied by the elevation of the peripheral lithosphere. 
Currently, the lithosphere beneath the basin is out of isostatic equilibrium due to 
the water load. 
xi 
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CHAPTER I 
INTRODUCTION 
General 
Since 1941, the lake level of Devils Lake, a remnant of Glacial Lake 
Minnewaukan, has risen 14.4 m. Devils Lake, the largest lake in a chain of 
approximately 20 interconnected lakes, occupies a closed basin covering 
approximately 8,600 km2 in east-central North Dakota (Figure 1 ). The Devils 
Lake drainage basin lies in a bowl sculpted by glaciation; thus it is closed and 
receives and loses water only through precipitation and evapotranspiration. The 
basin is closed at levels below 444.7 m. Water from the Devils Lake basin 
overflowed into the Sheyenne River approximately nine times throughout the 
past 10,000 years. In modern history, however, Devils Lake has not overflowed 
and has reached a modern high of only 441.4 m on July 22, 2001 
(http://nd.water.usgs.gov/). 
Surface sediments in the Devils Lake area include approximately 100 to 
60 m of lake deposits and glacial till which overlie the Spiritwood aquifer and 
make it a confined aquifer. Devils Lake receives virtually no groundwater 
recharge because of the very low permeability of the surface sediments. 
The recent rise in lake level of the Devils Lake basin has led me to 
hypothesize that the lithosphere may be actively flexing due to water load . 
1 
Devils Lake basin 
Figure 1: Basin map of North Dakota. Note: the different shadings indicate different watersheds. The 
Devils Lake basin is indicated by the large arrow. (Modified from USGS Water Resources of North Dakota, 
2001 ). 
I\.) 
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I have tested this hypothesis by conducting a "leap-frog" GPS survey of National 
Geodetic Survey (NGS) benchmarks in a 300 km-long profile across the basin. 
Flexure Theory 
The lithosphere is the outermost layer of Earth, which includes the crust 
and part of the upper mantle and is of the order of 100 km in thickness. When 
loads, such as mountains, ice sheets, volcanoes, or water are placed on the 
lithosphere, it responds elastically by bending or flexing (Figure 2). Note that a 
represents the half-width of a load , his the height of the load and Ps is the 
density of that particular substance. The region beneath the load subsides over 
a relatively wide area by displacing asthenospheric material. The lithospheric 
flexure is also accompanied by the elevation of the peripheral lithosphere. On a 
geologic time scale, the lithospher~ behaves elastically and the mantle behaves 
as a viscous fluid. On a very short seismic time scale, both behave as elastic 
solids. The magnitude of flexure depends on the thickness of the lithosphere 
while the rate of flexure depends on the viscosity of the mantle. 
Although the lithosphere changes over time, at any one time it is in a state 
of equilibrium. If the load is removed from the lithosphere, a phenomenon known 
as "isostatic rebound" occurs, which causes the asthenosphere to flow under the 
lithosphere over geologic time (Figure 3). Isostatic rebound is controlled by 
mantle viscosity, wh ich can be determined by measurements of rebound . 
The equilibrium deflection of an elastic plate is given by the general fourth-
order differential equation as a function of horizontal distance. 
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Figure 2: Flexural downbending of the lithosphere (Modified from Kearey and Vine, 1996). 
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(a) 
Lithosphere 
Asthenosphere 
(b) 
( c) 
--~-------~~-~-~-~~---
(d) 
---- -----------
--
Figure 3: ,Isostatic rebound (a) The load on the lithosphere causes 
down bending accompanied by the elevation of the peripheral 
lithosphere and lateral flow in the asthenosphere (b ). When the load is 
removed (c), isostatic equilibrium is regained by reversed flow in the 
asthenosphere, sinking of the peripheral bulges and elevation of the 
central region (d). (Modified from Kearey and Vine, 1996) . . 
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D( d4w)/dx4 = V(x) - H( d2w)/dx2 (1) 
V(x) is a vertical force per unit length applied to the plate, w(x) is the deflection of 
the plate, H is a constant horizontal force per unit length applied to the plate and 
D is the flexural rigidity of the plate. The flexural rigidity is calculated by using the 
following equation: 
(2) 
where E is Young's modulus, h is the thickness of the plate and cr is Poisson's 
ratio. The solution for a line load V at x=O is 
w(x)=w0 e(-x/a)[cos(x/a)+sin(x/a)] (3) 
where 
(4) 
and 
(5) 
The flexural parameter is known as a, w0 is deflection of the plate, x is the 
distance from the point of maximum deflection, Pm and Pw are the densities of the 
mantle and water, and g is gravity. 
The deflection of the lithosphere as a function of geologic time can be 
calculated using the equation 
w(t)= Wo *e-t*)../('rr) (6) 
where t is time in seconds, Wo is the initial deflection of the plate in meters, and "' 
is the wavelength in meters. Relaxation time is represented by the following: 
I 
! 
,, 
I 
I' 
II 
1' 
I 
I 
, I 
11 ,, 
l• 
7 
.r= 411:µ/(g )..) 
where µ is the mantle viscosity in Pascal seconds. 
Hypothesis 
- ----· ----------- ---, 
(7) 
During the spring of 1999, Devils Lake was expected to overflow its 
natural spill elevation of 441 m msl into Stump Lake. When the lake level 
reached this elevation it did not overflow as projected. The cause was thought to 
be surveying errors by the North Dakota Geological Society (Bluemle, 1999). 
Studies of isostatic rebound led me to suspect that the increased water load was 
sufficient to deepen the basin and create lithospheric flexure . I suspected the 
fact that the overflow did not occur at its projected elevation was because of the 
deepening of the basin and not surveying errors. 
If the lithosphere is actively flexing due to water load in the basin, the 
mantle viscosity can be determined in the vicinity of east-central North Dakota. 
Numerous studies on mantle viscosity have been done worldwide. Mantle 
viscosity values range from 1019 Pas in Iceland (Sigmundson, 1991) to 1021 Pas 
in North America and Fennoscandia (Mitrovica, 1996) to 1022 Pa s in 
Fennoscandia (Gasperini et al. , 1991 ). Differences in viscosity result from 
variations in tectonic regions, thermal regimes where higher temperature areas 
result in lower viscosities and low temperature areas result in higher viscosities. 
Geologic Setting 
The Devils Lake basin is located in northeastern North Dakota (Figure 4 ). 
· The basin is a subbasin of the Red River Basin , but is considered a closed basin 
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Figure 4: Location of Devils Lake and the chain of lakes in northeastern North Dakota (Modified from 
Wiehe and Pusc, 1994 ). 
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because it rarely flows over into the Red River Basin. The topography of the 
basin combines numerous glacial features such as hummocks, eskers, and 
moraines. These glacial features were formed in such a way that the higher 
features were formed at the edge of the basin, surrounding areas of relatively 
lower topography, making the basin a closed basin. 
Devils Lake was formed as a glacier lifted out a large mass of earth and 
deposited it, called a "hill-hole pair." The depression is now filled in with water, 
forming Devils Lake. The corresponding hill on the southern side of Devils Lake 
is "Sully's Hill." The 30 to 60 m till layer at the surface is highly impermeable. 
Therefore, any influx of water into Devils Lake does not permeate through the till 
and into the underlying Spiritwood aquifer. The till is saturated but the flow of 
water between the lake and the surrounding sediments is considered negligible 
because of its low permeability. Therefore, the till acts as an impermeable layer 
between the water in the lake and the underlying gravel and sands of the 
Spiritwood aquifer. 
Pre-glacial history 
Precambrian (i.e. older than 570 million years) crystalline rocks underlie 
the basin at a depth of approximately one to four kilometers. These crystalline 
rocks are overlain by five sequences of younger sedimentary rocks, including 
sandstone, limestone, and shale. The uppermost bedrock consists of the 
Niobrara and Pierre Formations (Reid and Bluemle, 1997). 
10 
The Niobrara Formation, characterized by a light gray calcareous shale, is . 
100 to 120 m thick in the Devils Lake Basin. The Pierre Formation is 
characterized by a darker marine shale, which ranges in thickness from 70 to 390 
meters in the Devils Lake basin (Reid and Bluemle, 1997). The pre-glacial 
landscape consisted of the Spiritwood Aquifer system including the Cannonball 
River (Figure 5). The Pierre Shale was exposed at the surface and rivers such 
as the one which deposited the sands and gravels that make up the Spiritwood 
Aquifer cut into and through it (Wiehe and Pusc, 1994 ). 
Glacial history 
Glaciers centered in the Hudson Bay reg ion advanced over North Dakota 
several times during the past 2 million years , which is evident by the scattered 
boulders from the Canadian Shield region marking the furthest advance of an 
early glaciation (Reid and Bluemle, 1997). 
Drainage patterns of buried channels suggest that northward-flowing 
rivers in North Dakota were blocked by ice each time the ice sheets advanced . 
The ice acted as a dam which stopped the flow of the river, formed a glacial lake 
and forced the outlets of the lake to flow to the south and east. One of these 
river channels deposited alluvium, which forms part of the present Spiritwood 
Aquifer (Reid and Bluemle, 1997). 
From about 50 ,000 to 25,000 ybp, the climate cooled and the ice sheet 
advanced. Most of North Dakota's topography is a result of this last glaciation, 
48°40' 
48°20' 
48°00' 
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Figure 5: Preglacial drainage and extent of the Spiritwood aquifer 
system in the Devils Lake area (Modified from Wiehe and Pusc, 
1994). 
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including features such as hummocks, washboard moraines, outwash and lake 
deposits, meltwater channels, kames, and eskers. 
One of the more important glacial events associated with the Devils Lake 
basin is the subglacial thrusting. Underlying the glacier was the low permeable 
Pierre Shale (Figure 6). Under those conditions, pressure due to the weight of 
the glacial ice produces subglacial melting. Water at the base of the glacier acts 
as a lubricant allowing the glacier to move faster. This water seeps into 
permeable units such as sand and gravel, which decreases the water pressure 
through rapid drainage. Where low permeable units or where permeable units 
with an already high hydraulic head underlie the glacier, water pressure 
increases which creates a weakening of the subglacial units. The Devils Lake 
basin contained both low permeable bedrock and a high hydraulic head 
associated with the underlying Spiritwood aquifer. Both conditions severely 
weakened the subglacial units. When the glacier advanced over the area, the ice 
lifted large masses of bedrock and transported them until ground water pressures 
were sufficiently reduced to allow deposition of the bedrock (Figure 7). When the 
glacier melted, the depression evolved to form Devils Lake and the deposited 
block formed Sully's Hill (Reid and Bluemle, 1997). 
As the last glacier was melting around 12,500 ybp, large volumes of water 
from the melted ice sheet either ran over the landscape as overland flow, 
became part of the internal drainage system of the glacier discharging through 
subglacial tunnels, or dammed up and became proglacial lakes where the land 
NE 
SW 
-->. 
CANNONBALL RIVER VALLEY (J.) 
Figure 6: Cross-section of the Cannonball River Valley (Modified from Wiehe and Pusc, 1994). 
-~~~~~--~~~~~ 
SW SULLY 'S HILL 
NE 
->. 
+:>,. 
.DEVILS LAKE 
SAND and GRAVEL 
Figure 7: Cross-section of Devils Lake and Sully's Hill (Modified from Wiehe and Pusc, 1994). 
15 
sloped toward the ice front. The lakes associated with Devils Lake were of this 
type (Reid and Bluemle, 1997). 
Hydrology of the Devils Lake Area 
Groundwater 
In the Devils Lake area, about 30 to 60 m of lake deposits and glacial till 
confined the Spiritwood aquifer, which is a confined aquifer (Wiehe and Pusc, 
1994 ). This aquifer has a southeasterly trend in North and South Dakota. In the 
Devils Lake basin, the aquifer is about 0.6 to 1.6 km wide and 9 to 90 m thick. 
Other aquifers in the Devils Lake area include the Starkweather aquifer, the 
McVille aquifer, the Warwick aquifer, the Tokio aquifer, and the Sheyenne River 
aquifer. These aquifers store more than 1.2 km3 of groundwater (Wiehe and 
Pusc, 1994). 
Groundwater flow in surrounding silt and clay deposits (lake deposits and 
glacial till) is slow, less than 0.025 cm/yr (Wiehe and Pusc, 1994). Most of the 
shallow groundwater in this layer never reaches Devils Lake and is returned to 
the atmosphere via evapotranspiration. Therefore, groundwater interacts with 
Devils Lake only in the immediate area surrounding the lake (Wiehe and Pusc, 
1994). 
Deep groundwater on higher ground away from Devils Lake, that does not 
leave the area through evapotranspiration moves slowly downward through the · 
lake deposits and glacial till into the Spiritwood aquifer system (Figure 8). Water 
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Figure 8: Groundwater flow system in the Devils Lake area (Modified from Wiehe and Pusc, 1994 ). 
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in this aquifer moves at a rate of 2.5 to 30 cm/yr towards Devils Lake, Lake 
Irvine, or the Sheyenne River (Wiehe and Pusc, 1994). 
Surface Drainage 
The Devils Lake basin is bounded by a series of moraines to the south 
between Devils Lake and the Sheyenne River, and to the north, west, and east 
by poorly defined low divides. The basin consists of nine subbasins. Before 
1979, streamflow from Edmore, Starkweather, Calio , Mauvais, and Little Coulees 
flowed into the interconnected chain of lakes (Sweetwater Lake, Morrison Lake, 
Dry Lake, Mikes Lake, Chain Lake, Lake Alice, and Lake Irvine). All streamflow 
from the chain of lakes flowed downstream through Big Coulee into Devils Lake. 
In 1979, the Ramsey County and Cavalier County Water Management Boards 
constructed Channel A, connecting Dry Lake to Sixmile Bay on Devils Lake 
which bypasses the natural route and greatly decreases the travel time from one 
end of the basin to the basin 's low point, Devils Lake (Figure 2). In 2000, a levee 
was also constructed across the natural outlet of Dry Lake. Discharge in 
Channel A is regulated at the south end of Dry Lake though an adjustable head 
, 
gate. The construction of Channel A and the levee greatly altered the natural 
watercourse making the Devils Lake level more sensitive to climatic changes. 
A small quantity of runoff also enters Devils Lake by overland flow from drainage 
areas adjacent to the lake and from groundwater flow. 
18 
Historic Water-Level Fluctuations 
The level of Devils Lake naturally varies widely due to climatic swings. 
According to Murphy et al. (1997), in the past 10,000 years the lake has reached 
its natural spill elevation of 444. 7 m msl and overflowed into the Sheyenne River 
several times (Figure 9). No documented records of water levels are available 
before 1867. From 1867 to 1901, the water level of Devils Lake was recorded 
sporadically. After 1867, with the first actual recorded level of 438.4 m msl, the 
lake level fell until reaching its recorded low of 426 . 7 m msl in 1940. Since then, 
the lake has followed a rising trend , reaching the modern high of 441.6 m msl in 
August 2001 , which allowed it to briefly overflow into Stump Lake (Figure 10). 
The lake is currently at 441 .1 m msl (USGS Water Resources of North Dakota, 
October 30, 2001 ). 
Climate 
Climate is weather for a particular time period averaged over a period of 
years . It depends on averages and variations of weather over a period of time. 
The changes in the Devils Lake water surface elevation depend on climate and 
climatic changes over a period of time. 
North Dakota is characterized by light to moderate precipitation, which 
tends to be irregular in time and coverage, low relative humid ity, fairly abundant 
sunshine and nearly continuous air movement. These variables combine to form 
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(direct precipitation and surface inflow) to the lake, whereas humidity, sunshine, 
variations in climate. In relation to Devils Lake, precipitation affects the inflow 
cloud cover and air movement control the amount of evaporation (i.e. outflow). In 
the Devils Lake Basin, evidence shows a series of numerous warming and 
cooling trends, as well as dry and wet periods, resulting in abundant lake level 
fluctuations. It is likely that Devils Lake is particularly sensitive to climatic 
changes because it is a closed basin. 
Data from the North Dakota climate stations show a warming trend from 
1896 to the present. Langdon Experiment Station, ND is a climatic station 96 km 
northeast of the city of Devils Lake. This station shows that within the last 
century, there is a warming trend from 1896 to 1940, a cooling trend from 1940 to 
1965, and another warming trend from 1965 to present (Todhunter, 1997). There 
is also a high degree of interannual variability, although a slight warming trend 
from 1896-present is evident (Figure 11 ). The line with the most noise connects 
the data points from 1869 to present. The curved line connects the average 
value between each two consecutive data points. The straight line is a line of 
best fit for the curved line. The straight line shows a warming trend of O.?°C per 
century. 
Annual precipitation from Devils Lake, ND shows high interannual 
variability with a series of wet and dry periods (Todhunter, 1997). Evidence 
shows a pronounced increase in precipitation from 1970 to present. (Note that 
Langdon Experiment Station shows a smaller trend toward increased annual 
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Figure 11: Mean annual temperature from Langdon Experiment Station , ND 
(Modified from Todhunter, P.E. , 1997). 
N 
N 
23 
precipitation). Figure 12 illustrates an increase of 46.8 mm in annual 
precipitation from 1901 to 1997. The nonlinear function with the noise reduced 
illustrates how the increasing trends are greater than the decreasing trends, 
resulting in the overall increasing trend (shown by the linear function). Warming 
trends in the Devils Lake area are similar to those on a global scale. Global 
trends of daytime cloud amount for all seasons and local precipitation are also 
similar to that of the Devils Lake area (Todhunter, 1997). 
These trends are driven predominantly by variations in sea-surface 
temperatures. The most widely known variations include El Nino and La Nina. 
They produce variations in precipitation and temperature patterns that occur 
primarily in the winter months but also affect long-term variations. Generally, the 
long-term variations often span decades and are instrumental in the occurrence 
of flood and drought conditions, including the Devils Lake area (Wiehe et al., 
2000). Before the late 1970s, El Nino and La Nina were relatively subdued 
resulting in a low frequency of wet years in the Devils Lake Basin . Since the 
1970s, El Nina's activity has heightened resulting in an increased frequency of 
storms across the Devils Lake Basin and causing a higher frequency of wet 
years in the basin. 
Previous Work 
No previous work in the subject of lithosphere flexure of the Devils Lake 
basin has been done. Previous works in the Devils Lake area are in the subjects 
of glacial geology, hydrology and hydrogeology, climatology, and water quality. 
800 •• , . . . : ..J_J___ I , ! 1 J ... .i.__J 
700 
I J 600 500 
~ 400 
300 i 
200 
100 --
.. 
If I t I r __ 
I 
I 
' ,.. 
' l--
. 
... 
I 
I 
r-
. 
I-
I 
... 
I 
• .. 
I 
t"-· 
I 
... 
I 
I 
.. 
I 
l-
1 
~ 
I 
.. 
• r 
,.. 
' ..... 
' I 
.-. 
I 
,.. 
~ 
0 + I f I r I ,·--r--r---1--··r--·r ,. . · 1 I I : , I ( t-· 
1890 1000 1910 1~ 1~ 1~1~ 1~ 1~1~ 1~2~ 
Year 
Figure 12: Annual Precipitation at Devils Lake (Modified from Todhunter, P.E., 1997). 
N 
.p.,. 
25 
Many of the previous works on the subject of Earth rheological properties 
have been studied in areas of North America, particularly Lake Bonneville , 
Fennoscandia, Iceland, and the Hawaiian Islands. These works involve studying 
lithosphere flexure as a result of a load placed on the lithosphere, including 
lakes, glaciers, mountains, and volcanic arcs. Because the Devils Lake study 
involves flexure due to water load , I concentrated on the previous works involving 
a water load, particularly Lake Bonneville, instead of previous works of loads by 
glaciers or mountains. Studies involving water load have an advantage of being 
able to determine the load more accurately than determining an exact glacial 
lo,ad . This is because a lacustrine load can be much more readily determined 
than a glacial load due to the logistics of determining the maximum glacial 
dimensions for a particular area. 
Gilbert (1890) began the scientific investigation of Lake Bonnevile and 
recognized an Earth model consisting of an elastic plate 50 km thick over a 
dense but inviscid fluid . This elastic plate is what is now known as the elastic 
lithospheric thickness. Gilbert made these interpretations though his 
observations of shoreline deposits. He found that the shorelines in the center of 
the basin were at higher elevations than their counterparts on the basin 
periphery. Gilbert interpreted this phenomenon as the load of the lake water had 
depressed Earth's crust downward by tens of meters, the shorelines had formed 
as level surfaces on the depressed landscape, and , upon removal of the load, 
the curst had rebounded to its present configuration. He also recognized the 
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amount of rebound was less than would be expected on a purely buoyant plate. 
This is when he calculated his Earth model. 
Other results from Lake Bonneville (Walcott, 1970), (Cathles, 1975), and 
(Bills and May, 1987), show a similar Earth model to that proposed by Gilbert, 
with an elastic lithosphere overlying the mantle. Iwasaki and Matsu'ura (1982) 
also used a multiple layer Earth model and concluded the elastic lithosphere is 
30-40 km thick, and the viscosity of the substrate is 1-2*1020 Pa s. 
Results of another Lake Bonneville study, by Bills, et al. (1994) shows a 
rapid decrease in viscosity from 1023 Pa s at 3 km of depth to 1020 Pa s at 30 km, 
where the elastic portion of the lithosphere is above this 30 km depth boundary 
and the viscous upper mantle lies below the boundary. 
Wang and Mareschal (1999) stud ied the elastic lithosphere thickness in 
the Central Canadian Shield and found the thickness varied from 25 to 50 km in 
the interior and 50 to 70 km in the Hudson Bay basin. 
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CHAPTER II 
METHODS 
Field 
Elevations in the Devils Lake basin were measured at NGS benchmarks 
using the Global Positioning System (GPS). The reference and rover GPS 
' 
receivers consist of a tripod with a leveler and satellite on the top (Figure 13). A 
screw on the top of the tripod is screwed into the device after the GPS is leveled 
and the crosshairs, scene in the eyepiece of the leveling device, are directly over 
the cross on the benchmark (Figure 14 ). 
Initially, an east-west profile was chosen from Grand Forks, ND to Minot, 
ND in order to encompass the Devils Lake Basin and areas east and west of the 
basin. Then, a north-south profile was chosen across Lake Sakakawea from 
Minot, ND to about 10 miles south of the Garrison Diversion Unit. The 
completion of a north-south profile across the Devils Lake Basin as well as an 
east-west profile north and south of Lake Sakakawea was then attempted. Due 
to an insufficient number of benchmarks, the completion of the north-south 
profiles was unsuccessful. 
Before fieldwork began, the locations of benchmarks were located using 
the National Geodesic Survey (NGS) website and marked on the USGS 
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quadrangle maps. This process was done in order to increase time efficiency in 
the field. 
Preliminary study 
During the summer of 1999, a preliminary study was completed from 
Grand Forks to Tunbridge, ND. High-resolution, dual-frequency GPS receivers in 
a 300 km profile across the basin were used in a leap-frog differential array. The 
receivers were set up for 20 minutes of mutual time and were approximately six 
to ten km apart, depending on the availability of benchmarks, across the east-
west profile. (Note: the GPS units cannot be further than ten km apart in ordet to 
maintain a signal between them). 
In-depth study 
During the summer of 2000, we completed a more extensive study of the 
Devils Lake Basin. The elevations of the benchmarks measured in the summer 
of 1999 were measured again using the dual-frequency, high-resolution GPS 
receivers in a leap-frog array except with 30 minutes of mutual time. The east-
west profile beginning at Grand Forks was conducted again and the profile was· 
extended from Tunbridge to Minot. These studies were intended to increase the 
mapping coverage of the area and to compare these results to that of 1999. 
A north-south profile across the Lake Sakakawea Basin was completed 
during the summer·of 2000. These studies are to make a comparison of possible 
lithospheric flexure in the area compared to the Devils Lake Basin. Figure 15 
shows the plot of data points measured in the 2000 survey. 
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During the summer and fall of 2001 , another GPS survey was conducted 
from Grand Forks approximately 16 km west of the town of Devils Lake. The 
survey included 10 minutes of mutual time conducted in the same leap-frog array 
as the previous two surveys. The survey was conducted to compare the results 
to that of the previous two surveys. 
Global Positioning System 
To use the GPS, equipment including charged batteries, a solar panel, 
cables, the reference and rover GPS receivers, and two tripods were necessary. 
It was also necessary to ensure the memory cards in the receivers contained 
enough storage for the given time in the field. Once the information was 
downloaded, the cards could be reformatted the next time field work was 
conducted. 
To tie data from subsequent days, the first site for the day was always the 
last site of the previous day. The process of the GPS survey consisted of setting 
up the reference receiver, traveling to the second site and setting up the rover. 
After waiting 30 minutes after the rover was set up, the reference was taken 
down and set up at the third site. After waiting another 30 minutes, the rover was 
taken down and set up at the fourth site, and so on. This leap frog array was 
continued throughout the GPS study. 
In order to test the accuracy of the GPS, one receiver was set up in a lot 
on the UNO campus while the other receiver was set up approximately 6.6 km 
west of Grand Forks. The distance between the reference and rover receivers 
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was 6601 m. Seventeen observations were made with a 15 minute recording 
time for each observation. The results were a horizontal standard deviation of 
1.1 cm and a vertical standard deviation of 2.3 cm. Therefore, the horizontal 
error is ±1 .1 cm and the vertical error is ±2.3 cm. 
Computer Analysis 
The GPS data was downloaded onto a computer and analyzed using 
Leica's SKI 2.3 software, which uses Geoid99 to convert ellipsoidal height to 
orthometric height. The elevations take into account the Geoid99 correction 
factor (Figure 16). The geoid model from the year 1999 is the latest model and 
hence, was used in determining the geoid correction. The correction is the 
difference between a spherical Earth versus the actual elevation of Earth's 
surface. This is because Earth is not a perfect sphere, but rather an ellipsoid. 
The Geoid99 correction factor uses the geoid from the year, 1999, which is the 
latest calculated geoid information. The published values from the NGS website 
(http://www.ngs.noaa.gov/) and the observed values were compared and plotted 
(Figure 17) to show the differences in elevations over the past approximately 50 
years, which is the amount of time since the benchmarks were implemented and 
initially measured. 
Equations (1 ), (2) and (3) were used to create a plot of a profile of flexure 
in the Devils Lake basin (Figure 18). The function with triangular-shaped 
polygons in Figure 18 is that of the situation of the Devils Lake Basin whereas 
the function with squares is a hypothetical situation with a much larger load. 
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Note the second function was only calculated for comparison and is not 
related to the situation of the Devils Lake Basin. Also, note the magnitude of the 
deflection of the plate in the center and in the elevated areas at the edges of the 
flexure in each situation. 
In order to arrive at that solution, the following values were used in order 
to calculate w(x): Wo = 0.3 and a= 68537.6. This a value was used because it 
corresponds to a value of h, or the thickness of the elastic lithosphere, of 30 km. 
Figure 19 illustrates the 1999 data points as well as the deflection of the 
lithosphere using thicknesses of 25, 30, 35, and 70 km. This was done to 
compare the data points with the line of best fit. 
The 30 km elastic lithosphere thickness was found by performing a root 
mean squared test for the distances between the 1999 GPS elevation data and 
the w(x) function for 25, 30, 35, and 40 lithosphere thicknesses. Because all of 
the points except for this point are relatively close together, the point (72003, 
0.2094) will be considered an outlier. If the lithosphere were actually raising in 
this area, I would expect to see the points near it, raising to a much greater 
degree. Possible ideas as to why this data point may be invalid include human 
disturbance of the benchmark or possibly frost heave which would result in a 
positive elevation difference. It is likely the benchmark may have been disturbed 
because this was the case with many of the benchmarks I found in the field 
which I did not measure due the obvious tampering with the benchmark. Future 
studies may help to determine if the site is prone to human disturbance and/or 
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frost heave if the particular site results in imprecise answers. The test was 
performed twice, however, with and without this point. 
The root mean squared values for 25, 30, 35, and 40 km thicknesses with 
.. 
the point (72003, 0.2094) are 0.090, 0.090, 0.094, and 0.099, respectively. 
Without this point, the mean squared values are 0.068, 0.064, 0.065, and 0.069. 
The test was then repeated with elastic lithosphere thicknesses of 29 and 31 km 
because the root mean squared value, of 0.065, was the lowest for a 30 km 
thickness in the second test. The test was repeated a third time in order to 
determine the most accurate thickness to the nearest whole number. The root 
mean squared values for elastic lithosphere thicknesses of 29 and 31 km both 
resulted in 0.065. Because the root mean squared values associated with elastic 
thicknesses greater than and less than 30 km where greater than the root mean 
squared value for 30 km, it can be assumed that a thickness of 30 km is the most 
accurate thickness according to the root mean squared test. 
We used values of 3359 kg/m3 for the mantle density and 1000 kg/m3 for 
the density of water (Turcotte and Schubert, 1982). We used a value of 5.5*1010 
Pa for Young's modulus and 0.22 for Poisson's ratio in order to calculate the 
flexural rigidity of the plate. The value for the flexural rigidity of the plate, D, in 
order to calculate a, was 1.28*1023 , which is the value that corresponds to a 
elastic lithosphere thickness of 30 km (Table 1 ). Deflection of the lithosphere 
versus time was plotted by calculating w(t) over a 200-year interval (Figure 20). 
We used a value of 200 years for time so that the function would level out and 
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Table 1. Flexure Calculations 
D=Eh3/(12(1-cr2)) 
D=flexural rigidity of the plate 
E=Young's modulus=4-r1010Pa 5.5*1010 
h=thickness of the plate 
o=Poisson's ratio=0 .1-0.25 0.22 
l2 h(krn) b(m). ll w... w(x) 25 krn . w(x) 30 krn w(x) 35 krn w(x) 70 krn x__(m) x...(_km} 
3.78E+22 20 20000 50566.2 0.3 -0.3000 -0.3000 -0.3000 -0 .3000 0 0 
7.39E+22 25 25000 59778.2 0.3 -0.2926 -0.2942 -0.2954 -0 .2983 10000 10 
1.28E+23 30 30000 68537.6 0.3 -0.2735 -0.2791 -0 .2832 -0.2936 20000 20 
2.03E+23 35 35000 76937.7 0.3 -0.2470 -0.2575 -0 .2654 -0.2863 30000 30 
3.03E+23 40 40000 85041 .9 0.3 -0.21 64 -0.2319 -0.2438 -0.2770 40000 40 
4.31 E+23 45 45000 92896.1 0.3 -0.1843 -0.2042 -0.2200 -0.2659 50000 50 
5.91 E+23 50 50000 100534.6 0.3 -0.1527 -0.1761 -0.1952 -0.2535 60000 60 I .::,. ->. 
7.87E+23 55 55000 107984.2 0.3 -0.1228 -0.1486 -0.1703 -0.2401 70000 70 
1.02E+24 60 60000 115266.1 0.3 -0.0957 -0 .1225 -0.1460 -0.2260 80000 80 
1.62E+24 70 70000 129393.3 0.3 -0.0717 -0.0986 -0.1230 -0 .2114 90000 90 
-0.0512 -0.0771 -0 .1016 -0.1966 100000 100 
-0.0340 -0.0582 -0.0821 -0.1817 110000 110 
-0.0202 -0 .0419 -0.0647 -0.1670 120000 120 
a=( 40/((pm-Pw)g))°-25 -0.0093 -0.0282 -o·.0493 -0.1525 130000 130 
a=flexural parameter -0.0010 -0.0170 -0.0359 -0 .1384 140000 140 
Pm=mantle density=3359 kg/m3 3359 0.0049 -0.0079 -0.0246 -0.1248 150000 150 
Pw=water density=1000 kg/m3 1000 0.0090 -0.0009 -0.0151 -0.1118 160000 160 
g=gravity=9.81 m/s2 9.81 0.0114 0.0044 -0.0073 -0.0994 170000 170 
0.0127 0.0082 -0.0011 -0.0877 180000 180 
0.0130 0.0107 0.0037 -0.0767 190000 190 
0.0126 0.0122 0.0073 -0.0665 200000 200 
0.0117 0.0129 0.0099 -0.0569 210000 210 
0.0105 0.0129 0.0116 -0.0481 220000 220 
Table 1. Flexure Calculations (continued) 
w(x) 25 km w(x)_3_Q_km w(x)._35._lsm w(x) 70 km xjm) lL(.km). 
0.0092 0.0124 0.0126 -0.0400 230000 230 
0.0078 0.0117 0.0129 -0.0327 240000 240 
0.0064 0.0106 0.0129 -0.0260 250000 250 
0.0051 0.0095 0.0124 -0 .0200 260000 260 
0.0040 0.0083 0.0117 -0 .0146 270000 270 
0.0030 0.0070 0.0108 -0.0099 280000 280 
w0 =Vu
3/(8D) 
w0 =deflection of the plate 
V=applied vertical load=(area*Devils Lake level from 1941-2000)*pw*g 
w(x)=w
0
e(·x/a)(cos(x/a)+sin(x/a)) 
w(t)=w
0 
•e·W(tr) 
lliears.) t (seconds) w(t) 1020 w(t) 1021 u~ !(seconds) wUOC w(t) 1021 I ~ I\.) 
Wo 0.3 0 O.OOE+OO 0.0000 0.0000 150 4.73E+09 8.4687 1.1967 
,r=relaxation time=4n~t/(g:q 8.53984E+13 10 3.16E+08 0.8088 0.0829 160 5.05E+09 8.8209 1.2730 
µ=mantle viscosity 1E+22 20 6.31E+08 1.5740 0.1654 170 5.36E+09 9.1541 1.3489 
1,.=wavelength 150000 30 9.47E+08 2.2980 0.2474 180 5.68E+09 9.4693 1.4244 
40 1.26E+09 2.9829 0.3289 190 6.00E+09 9.7676 1.4994 
,r=relaxation time=4nµ/(gA) 8.53984E+15 I 50 1.58E+09 3.6309 0.4100 200 6.31 E+09 10.0497 1.5740 
µ=mantle viscosity 1E+21 60 1.89E+09 4.2439 0.4907 
70 2.21 E+09 4.8239 0.5709 
80 2.52E+09 5.3726 0.6506 
90 2.84E+09 5.8918 0.7299 
100 3.16E+09 6.3829 0.8088 
110 3.47E+09 6.8475 0.8873 
120 3.79E+09 7.2871 0.9653 
130 4.10E+09 7.7030 1.0429 
140 4.42E+09 8.0965 1:1200 
....... 
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show how long the lithosphere takes to reach equilibrium. A value of 0.3 was 
used for Wo, and 150 km is the wavelength , A. The mantle viscosity value we 
used is 1022 Pas, which is the value found by Brevik and Gosnold (1998) in 
studying the mantle viscosity of the southwest margin of the Canadian Shield . 
CHAPTER Ill 
RESULTS 
Global Positioning System 
Figure 21 shows the measured elevations versus longitude for each of the 
three surveys. (The blue line, labeled A, is the 1999 data. The black line, 
labeled B, is the 2000 data. The red line, labeled C, is the 2001 data.) The 
difference between the published and observed elevations for 1999, 2000, and 
2001 data increases systematically towards the center of the basin (Figure 19). 
The maximum elevation difference at the center of the basin is -35 and the 
signal extends 150 km from the center of the basin. These results are 
interpreted to mean the basin is actively flexing due to the increased water load. 
GPS surveys in 2000 and 2001 have shown continued flexing in the basin. 
However, the results of the 2000 and 2001 measured elevations versus 
published elevations tend to be somewhat noisy (Figures 22 and 23). I have 
interpreted the results to possibly be a result of fractures and small blocks of 
lithosphere moving as independent entities. They are still subsiding but not at 
the same rates. After studying glacial rebound and fracture of the lithosphere, I 
wondered if the same phenomenon could be occurring in the Devils Lake basin 
due to active flexure of the lithosphere. A more in-depth study of these results as 
well as surveys taken in the near future may more accurately determine whether 
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Figure 21: Elevation vs. longitude for 1999, 2000, and 2001 data. 
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or not the 2000 and 2001 GPS data is a result of blocks moving independently 
from lithosphere fractures . 
The results may also be because I had trouble getting solutions based on 
equipment error. Although this GPS is supposed to provide sub-centimeter 
resolution, the results are noisy. It can be assumed, however, that since the 
differences between the published and measured elevations increase 
systematically towards the basin, the data reveal a flexure signal (Figure 19). 
I 
:I 
11 
- --·- - ·- - - - ---------------. 
CHAPTER IV 
DISCUSSION 
Because the difference in land elevation over the past approximately 50 
years increases systematically towards the center of the basin , the lithosphere is 
actively flexing due to the water load . The lithosphere has subsided as well as 
risen due to the filling and drying of the basin over the past 10,000 years. 
Therefore, when the lake dries, the load of water is removed and the lithosphere 
begins to rise. Likewise, when the lake fills , the excess weight causes the 
lithosphere to subside. 
The reason for the flexure is that over a short time scale the water load 
flexes the lithosphere and overwhelms isostatic equilibrium. Models based on 
flexure theory show the lithosphere beneath the basin is out of isostatic 
equilibrium. Assuming a mantle viscosity in this area to be on the order of 1022 
Pas (Gosnold and Brevik, 1998), Young's modulus of 5.5*1010 Pa, and Poisson's 
ratio of 0.22, our models have revealed an elastic lithosphere thickness in this 
area of 30 km. 
It is expected that there is a lag time between the filling or drying of the 
basin and lithosphere flex. Since 1940, Devils Lake level has risen 14 m which is 
sufficient to cause a -35 cm difference in the elevation of Earth's surface. 
49 
50 
The lithosphere flexure should also be causing fractures in the basement 
rock. The lithosphere is not a continuous unit on a small scale. There are rock 
blocks that make up the lithosphere, which move independently. 
The flexural parameters of lithosphere thickness and mantle viscosity may 
aid in determining the exact overflow elevation into the Sheyenne River or 
determining elevations for future flooding of homes and other structures due to a 
continuing rise in Devils Lake. 
Future study 
Future studies include a microearthquake array, installation of permanent 
GPS units at Grand Forks, Minot, and Devils Lake, ND, installation of north-south 
trending benchmarks, and repeated surveys. Repeated surveys of the existing 
benchmarks as well as new north-south trending benchmarks would provide a 
three dimensional understanding of how lithosphere behavior in this area. Data 
obtained from these future studies will also verify or more accurately determine 
mantle properties. 
The future studies described above will help to understand whether 
fractures in basement rock with independent block motion is occurring . If it is 
occurring , I would expect to see microearthquakes in the Devils Lake area, as 
well as elevation differences from year to year that show distinct movement of 
small independent blocks, rather than a smooth linear pattern. 
Data from future studies may also help us better understand the lag time 
that occurs between filling and drying of the lake and lithosphere flexure. The 
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lithosphere does not react instantaneously in response to a load differential. 
Flexure models can predict the lag time, but repeated studies will provide a more 
accurate value than a model. 
Another possible study would be of a chemical or fossil organism that 
occurs only in certain sediment layers in Lake Winnipeg. If such a signal 
particular to Devils Lake exists, we would expect to see an abundance of it in 
various sediment layers of Lake Winnipeg. This abundance would be indicative 
of a period in which Devils Lake level reached 444. 7 m msl and overflowed into 
the Sheyenne River, which spills into the Red River, eventually reaching Lake 
Winnipeg. The abundance or absence of the organism indicates wet or dry 
cycles, thus leading to climatological findings in the Devils Lake region . 
CHAPTER V 
CONCLUSIONS 
Devils Lake has experienced a 14 m rise in water level since 1941, which 
has resulted in a water load sufficient enough to flex the elastic lithosphere. The 
elastic lithosphere rises and subsides due to the filling and drying of Devils Lake. 
Throughout the past 10,000 years, the lake has dried and filled to its spill 
elevation into the Sheyenne River numerous times. The filling and drying is a 
result of being a closed basin which makes it particularly sensitive to cl[mate 
changes. 
Data collected from three GPS surveys (1999, 2000, 2001) of 
approximately 300 benchmarks in an east-west profile from Grand Forks to 
Minot, ND compared to published elevations of the benchmarks have shown the 
increased water load is sufficient enough to flex the lithosphere. The data 
showed the differences between the measured and published values increased 
systematically towards the center of the basin, with a maximum difference of -35 
cm at the center of the basin. Thus, the data illustrates the lithosphere is actively 
flexing in this area. 
Through this study I have determined the elastic lithosphere to be 
approximately 30 km thick in this area using a mantle viscosity to be 1022 Pa s. 
Comparisons of GPS data from 1999, 2000, and 2001 has led me to 
believe the lithosphere is experiencing subsidence through a series of blocks 
separated by fractures. The lithosphere blocks are moving somewhat 
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independently of each other. Future studies will help determine the occurrence 
and nature of this phenomenon. 
-- - - ------ ~ 
APPENDICES 
Appendix I 
1999 GPS data 
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Appendix I: 1999 GPS data 
PQinLID Latitude Loogitude GES (ele11atioo io rn) NGS GES-~GS 
F365 48.34111211 -100.5943076 458.453 458.453 0.000 
TOWNERW 48.31132365 -100.4962669 449.534 
hanger 48.35536377 -100.3988024 450.002 449.976 0.026 
x472 48.35424909 -100.2481658 453.999 454.193 -0.194 
TURNBR 48.35531369 -100 .1063867 458.104 
farm2 48.35534679 -100.0774139 461.275 
J474 48.40025794 -100.0375197 466.220 466.011 0.209 
TF1846 48.40025794 -100.0375197 465.889 466.011 -0 .122 
TF2261 48.38765009 -100 .0152466 472.178 472.200 -0 .022 
rugby east 48.35895503 -99.93079352 496.484 
PLEAS 48.35176104 -99.82665768 482.932 482.930 0.002 
Y 435 48.34032301 -99.67273067 487.656 487.912 -0.256 
S 435 48.30922441 -99.54865878 480 .922 481.135 -0.213 
LEEDS 48.2933676 -99.45918213 457.497 
P 256 48.27974646 -99. 322 40 7 58 463.853 464.125 -0.272 
W478 48.26428563 -99.20042655 442.968 443.278 -0.310 
Z 255 48.20924693 -99.069731 446.524 446.874 -0.351 
U 255 48.1696139 -98.98275436 441.837 442.117 -0.280 
P 255 48.1278253 -98.89315109 444.028 444.342 -0.314 
SHELVER 48.07187579 -98.79456012 448.767 
DLREST 48.05045782 -98. 70423095 458.464 
A260 48.04032301 -98.59534125 458.868 459.135 -0.267 
K257 48.05114325 -98.50902387 459.106 459.338 -0.232 
P 257 48.04582704 -98.42271026 464.600 464.810 -0.210 
A293 48.03572728 -98.33570709 460.352 460.542 -0 .190 
J 264A 48.02940736 -98.20641557 465.274 465.495 -0 .221 
R267 48.03565178 -98.11937491 461.621 461.816 -0.195 
X263 48.02032342 -98.0299924 465.688 465.825 -0.137 
W263 48.01543914 -98.0105327 464.256 464.385 -0.129 
M268 48.03537404 -97 .99025713 464.672 464.799 -0.127 
HWY2 7a 48.00611074 -97 .96836356 466 .660 
HW26 47.99891067 -97.81801719 413.224 
HWY25 47.98672269 -97.79639396 403.331 
HW24 47.96215115 -97.76155501 378.816 
HWY2 3 47.94825456 -97.72478285 352.977 
HWY22 47.94792251 -97.68336245 344.245 
Y 262 47.91646758 -97.65322939 345.118 345.174 -0.056 
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Appendix I: 1999 GPS data (continued) 
point IP Latitude Longitude G!:S (ele1£ation in m) NBS GeS-t::,JGS 
LARMORE AIRPORT 47.90302458 -97.63476143 345.954 
HWY21 47.94791908 -97.62187257 342.789 
S 262 47.90452993 -97.5758327 337.879 337.934 -0.055 
p262 47.91898591 -97.51551067 312.373 312.472 -0.099 
ROAD 1 47.91847447 -97.42956945 285.431 
H262 47.91923006 -97.40819174 280.416 280.499 -0.083 
P261 47.91726971 -97.37035633 275.594 275.775 -0.181 
C262 47.91912072 -97 .30413495 263.948 264.041 -0.093 
' G262 BNSF 47.91896369 -97.21824793 258.968 259.089 -0.121 
AIRPORT 47.93351394 -97.17551153 257.299 257.299 0.000 
1 
_[ 
Appendix II 
2000 GPS data 
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Appendix II: 2000 GPS data 
point IP Latitude Longitude Ges (ele~ation in rn) N.G.s GeS-~GS 
S266 47.93351394 -97.17551153 257.428 257.420 -0.008 
S266A 47.93351394 -97.17551153 257.428 
G262A 47 .91896322 -97.21824706 267.088 259.089 -7.999 
G262 47 .91896323 -97.21824716 267.087 
C262 48.91912043 -97.30413402 264.060 264.041 -0.019 
WATER-2 47 .91894445 -97.38682506 278.482 
WATER-1 47 .91894446 -97.38682509 ' 278.498 
H262 47.91923021 -97.40819291 280.485 280.499 0.014 
J262 47.91925524 -97.42879097 286.226 286.228 0.002 
P262 47.9189854 -97.51551061 312.463 312.472 0.010 
S262 47.90452947 -97.5758325 337.971 337.934 -0 .037 
Y262 47.91646751 -97.65322829 345.188 345.174 -0.014 
CABLE 47.94827904 -97 .68845044 345.896 
R/Wa 47.95866704 -97. 75357989 374.086 
R/Wb 47.95866665 -97. 75358018 374.092 
0269 48.0207331 -97.86814093 430.778 430.719 -0.059 
R/W1 48.0058714 -97.95923455 417.552 
R/W2 48. 00583314 -97.96875199 465.773 
M268 48.03537333 -97.99025611 464.896 464.799 -0.097 
X263 48.02032274 -98.02999095 466.012 465.825 -0.1 87 
R267 48.03565087 -98.11937322 461 .884 461 .816 -0 .068 
J264 48.02940628 -98.20641397 465.516 465.495 -0.021 
W257 48.03437712 ·-98.27119019 462.272 462.180 -0.092 
Y257 48.0502135 -98.35732256 464.019 463.930 -0.089 
P257 48.04582573 -98.42270842 464.896 464.810 -0.086 
K257 48.05114173 -98.50902213 459.390 459.338 -0.052 
F257 48.06242052 -98.59543076 456.462 456.301 -0 .161 
S2 48.01044359 -98.69712915 443.092 
DLREST 48.05045557 -98.704225 458.853 
ACCSSCOVER 48.05491621 -98. 76795771 445.990 
R/W10 47.98889476 -98.82372749 454.166 
RAMSEY 48.09703446 -98.83402057 439.885 
7200 VOLTS 48.16573459 -98.86486316 448.445 
JUNK 48.06347369 -98.89445541 439.501 
0255 48.13452304 -98.90676386 447.184 447.11 6 -0.068 
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Appendix II: 2000 GPS data (continued) 
point IP Latitude Longitude GPS (elevation in m) NGs. GPS-NGS 
C256 48.23430952 -99.12205632 445.692 445.602 -0.090 
W478 48.26428407 -99 .20042048 443.367 443.278 -0.089 
P256 48.2797 4468 -99 .32240187 464.211 464.125 -0.086 
U256 48.28577027 -99.36109984 458 .961 458.876 -0.085 
G255 48.33009195 -99.48107884 465.118 464.983 -0.135 
U435 48.31806176 -99. 594 ?;0362 494.794 494.661 -0.133 
Y435 48.34032127 -99 .67272466 488.019 487.912 -0 .107 
F436 48.35458576 -99. 7839786 493.387 493.272 -0.115 
J436 48.36238208 -99 .87161591 478 .024 477.888 -0 .136 
A471 48.35502518 -99.97757619 474.088 473.995 -0 .093 
G476 48 .35566449 -100.170582 481.157 458.043 -23 .114 
J476 48.3557 4026 -100.2584915 477.091 454.017 -23.074 
' G437 48 .35363343 -100.3651829 473.227 450 .259 -22.968 
NOAA14 48 .31249818 -100.4517837 467.227 
W476 48.31224724 -100.5169655 473 .087 450.255 -22.832 
F365 48 .34109166 -100.5933872 481 .270 458.454 -22.816 
MTCARMEL 48 .29517495 -100 .6899286 483.821 
MILE172 48.27762668 -1 00.7923716 480 .967 
E472 48.24 -100.9072759 466.023 466.026 0.003 
S123 48 .27643905 -100.9132714 483.552 461 .084 -22.468 
WICH3 48.23995383 -101 .014197 477.198 477.167 -0.031 
A334 48.23993938 -101.1226894 493.067 493.019 -0.048 
NDDOT 48 .22320705 -101 .2263276 488.196 
1: LARSON 48.16738315 -101.2960938 541 .530 541.433 -0.097 
SARON2 48.09519909 -101 .2972219 568.342 568.228 -0.114 
CORN2 48.02887127 -101 .2949645 634.242 634.038 -0.204 
V217 47.96040619 -101 .2936845 658 .018 659.940 1.922 
Z217 47 .87672843 -101.2936402 672.834 672.552 -0.282 
G230 47.78937483 -101 .327066 626 .230 626.943 0 .713 
I TREE 47.71769791 -101 .2936632 606.089 618 .169 12.080 
0230 47.64650784 -101.2923386 584.362 583.957 -0.404 
AZ2 47 .57055702 -101 .2594552 573.284 572.806 -0.478 
--
Appendix Ill 
2001 GPS data 
.. -·-------- -
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Append ix Ill: 2001 GPS data 
point IP Latitude Longitude GPS (elevation in m) GPS-NGS 
dlra 48 .05077501 -98. 70275706 459.050 
dlrb 48.05077501 -98.70275706 459.050 
DLR2 48.05077081 -98. 70273469 459.046 
f257 48.0624331 -98.5954645 456.211 456.301 -0 .090 
f257 48.0624331 -98.5954645 456.211 456.301 -0.090 
k257 48.05115436 -98.5090559 459.153 459.338 -0.185 
k257 48.05115436 -98.5090559 459.153 459.338 -0.185 
p257 48.04583846 -98.42274216 464 .680 464.81 -0.130 
a293 48.03573836 -98.33573844 460.422 460.524 -0.102 
j264 48.02941891 -98.20644 763 465.360 465.495 -0.135 
r267 48.03565121 -98.11937357 461 .693 461.816 -0.123 
r267 48.03565121 -98.11937357 461.693 461 .816 -0.123 
x263 48.02032312 -98.02999132 465.747 465.825 -0.078 
x263 48.02032312 -98.02999132 465.747 465.825 -0.078 
m268 48.03537359 -97.99025666 464.708 
M268 48.03537359 -97. 99025666 464.708 464.799 -0.091 
0269 48.02073323 -97.86814136 430.612 430 .719 -0.107 
cty16 47.9712026 -97.77531355 384.858 
8477 47.94907705 -97.66706271 342.777 342.932 -0.155 
Y262 47.91646744 -97.65322823 345.025 345.1 74 -0.149 
P262 47.91898558 -97.51551066 312.330 312.472 -0.142 
J262 47.91925522 -97.42879113 286.088 286.228 -0.140 
C262 47.91912068 -97.30413436 263.962 264.041 -0.079 
G262 47.91896339 -97.21824721 258.956 259.089 -0.133 
S266 47.93351419 -97.17551153 257.299 257.299 0.000 
J478 48.05492933 -98.76799177 445.676 445.826 -0.151 
P255 48.12783609 -98.89317925 444.201 444.342 -0.141 
Appendix IV 
GPS Accuracy Data 
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Appendix IV: GPS Accuracy Data 
Unit: m 
Coordinate Type: Geodetic 
Reference ellipsoid: WGS 1984 
Geoidal model: , GEOID 99 USA 
1 47 54 42.446331 N 97 10 17.910928 w 262.8629 22 
3 47 54 42.446415 N 97 10 17.910874 w 262.8731 22 
4 47 54 42.446895 N 97 10 17.910765 w 262.8853 22 
5 47 54 42.447400 N 97 10 17.910375 w 262.8719 22 
6 47 54 42.446677 N 97 10 17.910502 w 262.8758 22 
7 47 54 42.445946 N 97 10 17.911337 w 262.8818 22 
8 47 54 42.446404 N 97 10 17.910731 w 262.8792 22 0) ~ 
9 47 54 42.446611 N 97 10 17.910854 w 262.8919 22 
10 47 54 42.446455 N 97 10 17.910671 w 262.9066 22 
11 47 54 42.446334 N 97 10 17.911167 w 262.8545 22 
12 47 54 42.446611 N 97 10 17.911099 w 262.8891 22 
15 47 54 42.446911 N 97 10 17.910381 w 262.8933 22 
mean value 42.4466 17.9108 262.8805 
standard deviation 0.00035246 0.0002893 0.013577 
reference 47 55 9.697239 N 97 5 2.542035 w 259.9645 22 
meters per sec of arc 30.8333333 
std* m/s-arc 0.01086753 
Appendix IV: GPS Accuracy Data (continued) 
Unit: m 
Coordinate Type: Geodetic 
Reference ellipsoid WGS 1984 
Geoidal model: GEOID 99 USA 
1 47 54 42.446293 N 97 10 17.912013 w 262.8492 22 
2 47 54 42.445996 N 97 10 17.911839 w 262.8759 22 
3 47 54 42.446237 N 97 10 17.912087 w 262.8602 22 
4 47 54 42.446681 N 97 10 17.912049 w 262.8773 22 
5 47 54 42.447203 N 97 10 17.911747 w 262.8644 22 
6 47 54 42.446563 N 97 10 17.91193 w 262.8646 22 
7 47 54 42.445952 N 97 10 17.912697 w 262.8664 22 
8 47 54 42.446351 N 97 10 17.912139 w 262.8655 22 0) 
9 47 54 42.446488 N 97 10 17.912286 w 262.8805 22 01 
10 47 54 42.446282 N 97 10 17.912105 w 262.8967 22 
11 47 54 42.446126 N 97 10 17.912686 w 262.8378 22 
12 47 54 42.446431 N 97 10 17.912591 w 262.8752 22 
14 47 54 42.3446788 N 97 10 17.911779 w 262.8699 22 
15 47 54 42.446731 N 97 10 17.911827 w 262.8836 22 
16 47 54 42.446232 N 97 10 17.911858 w 262.8913 22 
17 47 54 42.446857 N 97 10 17.911568 w 262 .7940 22 
mean value 42.4465 17.9121 262.8658 
standard deviation 0.00032677 0.0003277 0.023355 
reference 47 55 9.697239 N 97 5 2.542035 w 259.9645 22 
meters per sec of arc 30.8333333 30.833333 
std* m/s-arc 0.01007537 0.0101041 
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